of the same genome and generally develop under identical environmental conditions, they can be treated as two natural replicates of the same developmental process. Due to the stochastic nature of cellular processes (McAdams & Arkin 1999) , small random perturbations (termed 'developmental noise') may independently affect the development of either trait side and hence cause deviation from perfect bilateral symmetry (Klingenberg 2003) . Observed levels of FA are therefore believed to reflect the degree of an organism's developmental instability (DI, the inability to buffer development against perturbations) and hence its ability to express accurately its expected phenotype (Palmer & Strobeck 1986) . As stress is believed to increase developmental instability, levels of FA are expected to positively relate to stress.
Reported relationships between stress and fluctuating asymmetry from laboratory and field studies are, however, highly variable (Bjorksten et al. 2000) . At present, biological interpretation of these inconsistencies is hampered by poor knowledge of most of the developmental mechanisms underlying FA, e.g. the timescale during which asymmetries originate and persist (Kellner & Alford 2003) . One central question is whether organisms possess feedback systems that can restore symmetry during development, termed 'compensatory growth'. While some studies provide evidence in favour of such a mechanism (Swaddle & Witter 1997 , Tomkins 1999 , Servia et al. 2002 , Kellner & Alford 2003 other studies have failed to demonstrate compensatory growth (Aparicio 1998 , Chippendale & Palmer 1993 , Møller 1996 . Such discrepancy may be (partly) due to the fact that most ontogenetic studies do not quantify the level of stress to which individuals are exposed.
Avian feathers have frequently been used to quantify environmental stress, although controlled studies integrating different characteristics of feather development have rarely been carried out (see Appendix). In this study we manipulated environmental stress by exposing adult captive Great Tits Parus major to experimental lead (Pb) concentrations. We then measured various attributes of a bilateral pair of rectrices that was induced to grow during the experiment by plucking the original homologues. Initial levels of asymmetry were varied by plucking homologous feathers either synchronously or with a time delay of seven days (Aparicio 1998 ). We measured growth rate, growth trajectory of asymmetry, development time, regeneration time, final size and final FA. Our aims were twofold. First, we compared how differ-ent morphological characteristics of developing feathers are affected by Pb exposure. Secondly, we studied compensatory growth under control and stress situations. Results of this experiment are discussed in light of the applicability of morphology-based tools for monitoring environmental stress levels.
MATERIAL AND METHODS

Experimental treatment
Experiments were performed on 28 Great Tits (nine and ten first-year males and females, and five and four second-year or older males and females, respectively) caught in a city park in Antwerp (Belgium) during October 2002. Tail feathers of this species exhibit growth bars that are relatively conspicuous compared with other European passerines (pers. obs.). All birds were individually housed in 0.3 × 0.3 × 0.4 m cages, in visual but not acoustic isolation, and were provided with water, sunflower seeds and mealworms ad libitum. As the cages were placed in a large outdoor aviary, birds experienced natural temperatures and photoperiods. Individuals were randomly assigned to a Pb-exposed or a control group, in equal numbers. In the Pb-exposed group, we added 10 ppm Pb to the drinking water in the form of lead acetate (CH 3 COOPb) to create a Pb exposure that is regularly encountered by free-living Great Tits in polluted areas of Flanders (T. Dauwe pers. comm.). Dauwe et al. (2002) and Snoeijs et al. (2005) exposed Zebra Finches Taeniopygia guttata to Pb in an identical way, and measured Pb concentrations in internal organs as well as different health indices. Snoeijs et al. (2005) showed that a Pb exposure of 20 ppm increased Pb concentrations in internal organs, up to 50 µg Pb/g body-weight for kidney. As kidneys of Great Tits breeding nearby a metallurgical plant in Flanders contain up to 890 µg Pb/g body-weight , 10 ppm Pb can be seen as reflecting moderate levels of environmental heavy-metal pollution. Despite the higher Pb concentrations in the internal organs, Snoeijs et al. (2005) failed to detect negative effects of the 20 ppm Pb exposure on different health indices of Zebra Finches, confirming that 10 ppm Pb reflects only a mild contamination.
To induce growth of homologous feathers, the second outermost rectrices were removed at 9 and 16 days after the start of the experiment, depending on the plucking treatment. Individuals of the Pb-exposed and control groups were randomly assigned in equal numbers to one of the following three treatments: (i) left feather plucked seven days earlier (hereafter referred to as 'left treatment'); (ii) right feather plucked seven days earlier ('right treatment'); (iii) both feathers plucked synchronously ('synchronous treatment'). This resulted in a significant difference in tail asymmetry at the onset of growth between treatments (F 1, 16 = 28.06, P < 0.0001). While left and right tail feathers of the synchronous treatment emerged almost simultaneously (time delay of 0.6 ± 1.3 days) with only a small asymmetry in size at the onset of growth of 1.4 (± 1.1) mm, the second feather in the asynchronous treatment showed a delay of 7.6 (± 2.8) days and a length asymmetry of 13.7 (± 1.3) mm at the onset of growth.
Fifteen individuals were excluded from the experiment because of death, damage or dropping of regrowing feathers ( Fig. 1 ) or because only one feather of a homologous pair regrew ( Table 1 ). The death of six birds appeared to be from natural causes, as can be expected during the winter period (Gosler 1993) . Rates of mortality and feather damage did not differ between treatments (Table 1 ; Fisher exact tests, all P > 0.1). Although not significant (χ 2 = 2.6, P = 0.1), there seemed to be a higher frequency of growth abnormalities (feather drop or lack of growth at one side) in the Pb-exposed group (five Pb-exposed individuals to one control bird). All birds were released back into the wild after the experiment.
Measurements
Emergence of the induced rectrices was checked daily from day 5 after removal of the original feathers, and regeneration time was defined as the time interval (in days) between removal and emergence. Induced feathers were measured every second day to the nearest 1 mm. When growth ceased during four consecutive days, feathers were assumed to be full-grown and were plucked (all sampled feathers lacked sheaths, confirming their full-grown status, Ginn & Melville 1983) . Duration of feather development was estimated as the time between emergence of the induced feather and the end of growth. Plucked feathers were measured with a digital calliper (precision of 0.01 mm). Feather mass was not considered as it was likely to be biased by faecal deposits. Average widths of growth bars (i.e. consecutive pairs of one light-and one dark-coloured band reflecting 24-hour growth bouts, Grubb 1989) were obtained by measuring five consecutive bars in the central section with a digital caliper (precision of 0.01 mm) (Møller 1996) . As this method might be prone to measurement error (Murphy & King 1991) , three independent repeated measurements were averaged (repeatability = 74.9%, likelihood ratio test (LRT) = 12.3, P = 0.0002). Lead exposure did not affect the visibility of the growth bars, as the proportion of feathers with measurable growth bars did not differ between original and induced feathers nor between Pbexposed and control birds (χ 2 , both P > 0.4).
Figure 1.
Individual growth profiles of right (a) and left (b) second outermost tail feather. _______ , Pb-exposed birds; ……… , control groups. The two profiles with a striking drop represent cases where feathers fell off and regrew subsequently. 
Statistical analysis
To test for measurement error, left and right rectrices of eight individuals were repeatedly measured at three different stages of their growth (at the beginning, middle and end of growth, Aparicio 1998). Asymmetry was highly repeatable in all stages (all LRT > 126.4, P < 0.0001 with LRT, and all r > 95.7%). Signed asymmetry values (i.e. right-left) of full-grown feathers showed no signs of directional asymmetry (mean asymmetry not significantly different from zero; Student's t = -1.8, P = 0.8) nor antisymmetry (kurtosis 1.17). Because measurement error was very small and directional asymmetry and antisymmetry were absent, FA was calculated as the logarithm of the absolute value of the length difference between right and left sides (Lens et al. 2002) . These FA values were normally distributed (Kolmogorov-Smirnov D = 0.14, P = 0.06). Regeneration time and development time were also log-transformed to approach normality (Kolmogorov-Smirnov tests of log-transformed data, respectively, D = 0.19, P = 0.07 and D = 0.15, P > 1). Length and growth bar width of full-grown feathers were calculated as the average of left-and right-side measurements.
To model FA trajectories and growth rates as a function of growth stage (defined as ratio of current length to final length), we applied a mixed model with repeated measures structure (Littell et al. 1996) . In all cases under study, the autoregressive co-variance structure gave the best fit for modelling time dependence between repeated measurements. Degrees of freedom for the fixed effects and standard errors were calculated by the method of Kenward & Roger (1997) . F-tests of the fixed effects were of type I, as appropriate for testing polynomials (Littell et al. 1996) . Significance of co-variance components was tested with LRTs (Littell et al. 1996) . As individual trajectories indicated consistent linear growth during the central period (i.e. when omitting the first and last 15% of growth) ( Fig. 1 ; first-order F 1, 139 = 369, P < 0.0001, second-order F 1, 251 = 0.01, P = 0.9), growth rates were calculated as linear regression slopes of this central period.
To test for compensatory growth, we analysed relationships between growth rates during two-day intervals and signed asymmetry levels (right-left) at the start of each growth interval (denoted by A t ), while modelling for (i) statistical dependence of repeated measurements in time (see above), and (ii) the function of growth curves by incorporating higherorder functions of growth stage in the model. Inverse correlations between A t and right-side growth, as well as positive correlation between A t and left-side growth, were considered indicative of compensatory growth (Kellner & Alford 2003) .
Lengths, levels of FA and growth bar widths of fullgrown feathers were analysed in relation to sex, age, treatment (Pb exposure versus control), feather type (original versus induced feathers) and all two-factor interactions, with the use of mixed models. To correct for dependence of data measured on the same individuals, we modelled intra-individual co-variation with a random individual component. Fixed effects were tested by F-tests of type III with degrees of freedom corrected by the method of Kenward & Roger (1997) . Random effects were tested with LRTs (Littell et al. 1996) . All tests were two-tailed with a significance level set at 0.05. Regeneration time, development time, growth patterns and levels of FA of full-grown feathers did not differ between sexes and ages (all P > 0.05, data not shown). As male rectrices were on average 3.83 (± 0.44) mm longer than female rectrices (F 1, 32 = 56.9, P < 0.0001), we incorporated sex as an extra explanatory variable in all subsequent analyses involving feather length.
To compare the applicability of different parameters of developing and full-grown feathers for assessing stress effects, we calculated effect sizes of the Pb exposure on feather length and FA, growth bar width, growth rate (linear phase), regeneration and development times, following the method described by Cohen (1988) . Unlike significance tests, effect sizes are independent of sample size. We further calculated effect sizes for differences in feather length, feather FA and growth bar width between original and induced feathers. By convention, effect sizes over 0.8 are considered large and effect sizes under 0.3 are considered small (Cohen 1988) .
RESULTS
Feather development
Regeneration times of feathers developing under Pb exposure were on average 4.1 (± 1.6) days longer than in the control group (F 1, 15 = 8.47, P = 0.01). When feathers were plucked asynchronously, regeneration time of the second feather was not significantly different from that of the first one (F 1, 11 = 0.1, P = 0.7, corrected for Pb effects). Development time of feathers did not differ in relation to synchrony (P > 0.2). Under the asynchronous treatment, development time of second feathers did not differ from that of first ones (F 1, 14 = 0.65, P = 0.4).
While not significantly different, development took on average 4.0 (± 2.5) days longer in the Pb-exposed group compared with the control group (F 1, 12 = 2.56, P = 0.1). Linear growth rates, calculated as linear regression slopes of the central growth period, did not differ between synchronous and asynchronous treatments (F 1, 12 = 0.32, P = 0.6). Under the asynchronous treatment, growth rates of first and second feathers did not differ significantly (F 1, 7 = 3.03, P = 0.1). However, growth rates were on average 0.2 (± 0.09) mm/day smaller in the Pb group compared with the control group (F 1, 15 = 6.1, P = 0.026). Growth bar width was highly correlated with linear growth rate (t 17 = 63.9, P < 0.0001, r 2 = 99.6; slope of the regression line fitted through the origin 1.08 ± 0.02).
Ontogeny of asymmetry
Under the asynchronous treatment, unsigned FA levels increased moderately during growth, peaking at midgrowth and decreasing towards the end (Fig. 2) . This pattern significantly fitted a third-order function (F 1, 148 = 55.08, P < 0.0001). A similar pattern was observed in the synchronous treatment, although much less pronounced (F 1, 47 = 10.38, P = 0.002, Fig. 2) . The shape of growth trajectories did not differ between Pbexposed and control groups (interaction of third-order growth pattern with Pb exposure: synchronous treatment, F 1, 44 = 1.67, P = 0.2; asynchronous treatment, F 1, 118 = 1.83, P = 0.18). When including a sixth-order function, growth rates did not correlate with signed asymmetry values (either side), nor was there a significant interaction with Pb exposure (Table 2) .
Growth
Induced feathers grew 8.0 (± 0.9) mm shorter and 0.57 (± 0.2) mm more asymmetrical than their original homologues, while growth bars were on average 1.21 (± 0.05) mm narrower in the induced feathers (Table 3 & Fig. 3 ). This decrease in feather length and growth bar width was more pronounced in individuals from the Pb-exposed group (Table 3) . Within individuals, signed FA values of original and induced feathers were not significantly correlated (LRT = 0.7, P = 0.8). Relative to the length of the original homologues, induced feathers of Pb-exposed individuals were 1.98 (± 0.8) mm shorter and had growth bars that were 0.29 (± 0.07) mm narrower than those of control individuals (Fig. 3a & c) . In contrast, the level of increase in FA of full-grown feathers relative to the original homologues did not differ between Pb-exposed and control birds (Table 3 & Fig. 3b ).
Effect size
When comparing effect sizes of the various feather traits measured in Pb-exposed and control groups, the length and asymmetry of full-grown feathers showed small effects, while all parameters related to growth (growth bar width, growth rate, regeneration and development times) showed large effects (Table 4 ). In all cases where comparisons could be made, effect sizes relating to feather type (i.e. original versus induced rectrices) were larger than those relating to Pb treatment. Strikingly, FA had the smallest effect sizes in both cases.
DISCUSSION
Tail feathers grown under higher environmental Pb concentrations showed increased regeneration times and decreased growth rates, and were smaller than control feathers. In contrast, development time and feather asymmetry did not differ between groups. The reduction of fluctuating symmetry as feathers reached their final length appeared to be in agreement with a feedback mechanism adjusting bilateral asymmetry through compensatory growth (Swaddle & Witter 1997) . However, decreased asymmetry at the end of development can also be considered a consequence of the programmed growth trajectories of single feathers (Aparicio 1998) . As growth curve functions did not differ between synchronous and asynchronous treatment groups, while induced feathers did not show shorter regeneration or development times than original ones, results from this study provide evidence that growth trajectories are fixed and independent of the growth of the opposing side. This is further confirmed by the absence of significant correlations between growth rates and signed asymmetry (Kellner & Alford 2003) . Although we cannot fully exclude the possibility that compensatory growth remained undetected due to low analytical power, our experimental treatment with repeated measurements of bilateral growth trajectories and sensitive statistical routines make this rather unlikely. Furthermore, our results are highly consistent with those of Aparicio (1998) , who also showed that growth trajectories seemed to be fixed. We therefore conclude that left and right sides of bilateral traits appear to be independent replicates of a single developmental process, which confirms the use of fluctuating asymmetry as a potential estimator of developmental instability (Klingenberg 2003) .
The apparent absence of compensatory growth mechanisms in functionally important traits such as avian flight feathers is unexpected, because these mechanisms, if they exist, are most likely to operate in stabilized traits (Balmford et al. 1993 , Swaddle et al. 1996 , Swaddle & Witter 1997 . Compensatory growth has been documented in various organisms such as insect species that undergo regular moults (Tomkins 1999 , Servia et al. 2002 and in skeletal growth of domestic fowl Gallus gallus (Kellner & Alford 2003) . This inconsistency may be due to differences in developmental pathways between traits and/or to uncontrolled heterogeneity in environmental conditions between ontogenetic studies. Because individuals developing under adverse conditions may reduce energy allocation to non-vital functions (Glazier & Calow 1992) , repair mechanisms such as compensatory growth can be expected to be most evident under more benign conditions. Yet, in this study, neither growth patterns nor correlations between growth rates and signed FA differed between individuals of the Pbexposed and the control group. Effect sizes of feather type (i.e. differences between original and induced feathers) were consistently larger than those of Pb exposure. This suggests that the 'control' environment was still much less favourable than the natural The superscripts indicate growth stage to the 2nd power (squared), to the 3rd power, etc. (Grubb 1995) . Comparison of effect sizes between parameters related to feather development and the resulting phenotype indicates the former to be more sensitive to, hence indicative of, environmental stress effects. These results are in concordance with studies on the effects of nutrition (Berthold 1976 ) and parasite load (Pérez-Tris et al. 2002) on feather development in Blackcaps Sylvia atricapilla. Experimental reduction of food quality did not affect final feather length of nestlings but did increase feather development time (Berthold 1976) . Similarly, growth rate, but not feather length, was negatively correlated with mite abundance (Pérez-Tris et al. 2002) . If the end products of growth have evolved under higher levels of stabilizing selection than the underlying growth mechanisms, they can indeed be expected to be more robust in response to environmental changes. Obviously, when environmental conditions continue to deteriorate, parameters of developing, as well as full-grown, feathers can be affected. Such effects have been observed in feather lengths and fluctuating asymmetry in response to parasite load, malnutrition and organochlorine pollution (see references in Appendix). Although relationships between growth bar width and daily growth rate may not be universal (Kern & Cowie 2002) and specific assumptions should be fulfilled (Murphy 1992) , growth bars seem particularly suited as a biomonitoring focus in our study species, as (i) they can be measured on full-grown feathers, (ii) when visible they can be measured with high accuracy, and (iii) growth bar width provides a reliable measure of feather growth. As the proportion of feathers with measurable growth bars did not differ between original and induced feathers, nor between Pb-exposed and control groups, stress does not appear to affect their visibility. Regeneration time, too, provided a sensitive indicator of Pb exposure, yet cannot be measured easily in the field. As the relatively small sample size of this study decreased the statistical power, some differences may have been undetected statistically despite having a large effect size, such as the longer development time of the Pb-exposed birds. Other morphological measurements did, however, differ between treatments and feather types, implying that they are sensitive enough to detect differences between stress levels based on a small sample, and may therefore serve as applicable indicators.
In conclusion, critical assessment of feather traits as morphology-based biomonitoring tools reveals that patterns of development are more strongly affected by environmental stress than full-grown phenotypes. In particular, phenotypic characteristics that can 'reconstruct' former growth rates, such as growth bar width in avian feathers, may provide sensitive and reliable indicators of adverse environmental conditions. Based on results from this study, however, one should be careful in dismissing fluctuating asymmetry as a general biomonitoring tool. As discussed above, artificially induced growth may differ from natural patterns of regrowth in developmental properties and mechanisms of developmental instability.
